] did not alter the in vitro activity of the noncoplanar (2,2',5,5'-TeCB) or coplanar [4,4'-dichlorobiphenyl (DCB)] congeners; 2) binary mixtures of active PCB congeners (2,2',4,4'-TeCB and 2,2'-DCB; 2,2'-DCB and 3,5-DCB; 2,2',3,5',6-PeCB and 2,2',4,4',5-PeCB) interact in a dose-additive manner; 3) TCDD did not alter the activity of either coplanar (3,3',4,4'-TeCB) or noncoplanar (2,2',5,5'-TeCB) congeners; 4) the interaction between the parent PCB congener and hydroxy metabolite of PCB is additive; 5) PCB congener mi at the ratios found in environmental samples are biologically active; and 6) there was no indication of synergism in any of the combinations studied. These results sugst that the biological effet of binary mixtures of PCB congeners fit a dose-additive model, indicating that there is a specific site of action for these PCB congeners which is independent of the aryl hydrocarbon receptor. 
Polychlorinated biphenyls (PCBs) are persistent coninants that exist as complex mixures in the environment. One problem faced by risk assessors is that the possible interactive effects of specific PCB congeners and related chemicals found in environmental and biological samples have not been systematically investgated. Some PCBs perturb Ca2+ homeostasis and cause protein kinase C (PKC) translocation in neuronal cell cultures and in brain homogenate preparations at concentrations where no cytotoxicity is observed, and these systems are necesary for the growth and normal finctioning of neurons. The changes in second messenger systems appear to be associated with the extent of noncoplanarity of the PCB molecule. We studied the interactive effects of selected PCB congeners, a PCB metabolite, and a dioxin on PKC translocation, as determined by [3HIphorbol ester binding in cerebellar granule cells. The binary combinations included coplanar and noncoplanar PCB congeners or PCB congeners with 2,3,7,8-tetrachlorodibenzo-p-doin (TCDD)/PCB metabolite. In addition, we tested the interactive effects of several PCB congeners (thee or more) found in environmental samples such as human milk and blood, contaminated fish, and brain samples from PCB-treated animals. The results indicated that 1) the coplanar congener [3,3' ,4,4'-tetrachlorobiphenyl (TeCB)] did not alter the in vitro activity of the noncoplanar (2,2',5,5'-TeCB) or coplanar [4,4' -dichlorobiphenyl (DCB)] congeners; 2) binary mixtures of active PCB congeners (2,2',4,4'-TeCB and 2,2'-DCB; 2,2'-DCB and 3,5-DCB; 2,2',3,5',6-PeCB and 2,2',4,4',5-PeCB) interact in a dose-additive manner; 3) TCDD did not alter the activity of either coplanar (3,3',4,4'-TeCB) or noncoplanar (2,2',5,5'-TeCB) congeners; 4) the interaction between the parent PCB congener and hydroxy metabolite of PCB is additive; 5) PCB congener mi at the ratios found in environmental samples are biologically active; and 6) there was no indication of synergism in any of the combinations studied. These results sugst that the biological effet of binary mixtures of PCB congeners fit a dose-additive model, indicating that there is a specific site of action for these PCB congeners which is independent of the aryl hydrocarbon receptor. Environmental mis contain mosdy noncoplanar PCB congeners, and because they appear to be biologically active, the potential human health rik by this (24) . A significant perturbation in Ca2+ homeostasis and PKC can trigger processes that could alter the functioning and growth of the neurons (25) and ultimately could lead to cytotoxicity (26) . Hence, it is possible that PCB-induced alterations in Ca2+ homeostasis and PKC may form a biochemical basis for the observed neurological effects. Human exposure to PCBs occurs mainly via oral ingestion of contaminated dairy products, meat, and fatty fish, all of which contain a mixture of noncoplanar and coplanar congeners (5, 27) . The degree to which the constituents of these mixtures may interact by synergism, additivity, or antagonism of effects has not been extensively studied (28) (29) (30) (31) (32) (33) . Most research has focused on commercial mixtures or a few congeners. The present study was undertaken to understand the interactive effects of several PCB congeners and dioxins that have different degrees of potency on PKC translocation in neuronal preparations. In the neuron, PKC activation/translocation could be due to increased intracellular free Ca2+, formation of diacylglycerol, and increased levels of free fatty acids such as arachidonic acid and lysophospholipids (34) . Sustained activation of PKC has been reported to be involved in Polyhalogenated aromatic hydrocarbons such as polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins ( Fig. 1) (1-3) are persistent environmental pollutants and bioaccumulate throughout the food chain, thus posing a potential health risk to humans and animals (4, 5) . Neurotoxicity has been reported following environmental and experimental exposure to PCBs (6) (7) (8) (9) . These effects indude memory deficits and intellectual dysfunction in children born to mothers who ate PCB-contaminated food (10) (11) (12) (13) (14) . In utero exposure to PCBs in animals causes alterations in locomotor activity (15, 16) and affects cognitive function (7, 17 (18, 19) . Further studies (20) (21) (22) indicated that the biological activity of most PCB congeners was associated with chlorination patterns that favored noncoplanarity, whereas those with chlorination patterns that favored coplanarity were less active. Recent in vivo studies from our laboratory indicated that Ca2+ buffering and PKC were altered in cerebellum of rats dosed with a commercial PCB mixture, Aroclor 1254 (23) , and concentrations as high as the pathogenesis of neuronal injury (35) (36) (37) Vaccarino et al. (40) . Briefly, the monolayers were washed with Locke's buffer (NaCl, 154 mM; KCl, 5.6 mM; NaHCO3, 3.6 mM; CaCl2, 2.3 mM; D-glucose, 5.6 mM; HEPES, 5 mM; pH 7.4) containing 0.1% fatty acid-free bovine serum albumin. Concentrations .50 pM, for most of the PCB congeners, were not completely soluble in the assay buffer. An equal amount of DMSO was added to controls. After incubation, the medium was aspirated, and cells were washed three times with Locke's buffer and suspended with 1 ml of 0.1 M NaOH. An aliquot of this sample (0.7 ml) was added to 9 ml Ultima Gold (Packard, Meriden, CT), and the radioactivity was determined using scintillation spectroscopy. A small aliquot was used for protein determination (41) . We determined nonspecific binding in the presence of 1.6 pM phorbol myristate acetate, which was always <20% and subtracted from all the values. The unit of [3H]PDBu binding was femtomoles per milligram protein per 15 min.
Statistics. We analyzed the data by a two-way analysis of variance (ANOVA) using the raw data (fmol/mg protein/ 15 min) and also by using the percentage of control. In both cases, the statistical information is similar. We chose to represent the data in percentage of control form for the sake of clarity. The factors used in twoway ANOVA were the PCB concentrations of each of two congeners. Comparisons between control and dosed groups were made using Dunnett's test (42 Figure 5 shows the results from the experiment with two active noncoplanar (2,2',4,4'-TeCB and 2,2'-DCB) congeners. 2,2'-DCB produced a concentration-dependent increase in [3H]PDBu binding; the maximal effect at 100 pM was >250% of control. In the presence of 50 pM 2,2',4,4'-TeCB, ANOVA indicated no significant interaction (p = 0.235).
2,2',4,4'-TeCB also increased [3H]PDBu
binding in a concentration-dependent manner, and this response was not affected by the presence of 30 pM 2,2'-DCB (Fig. 5) . Figure 6 shows the interactions of a very active noncoplanar congener (2,2',3,5',6-PeCB) with that of a slightly active congener (2,2',4,4',5-PeCB). The (Fig. 6 ). There was a significant interaction with the presence of 2,2',3,5',6-PeCB (F450 = 3.73, p<0.0099), which alone procuced 94% increase in [3H]PDBu binding in the absence of 2,2',4,4',5-PeCB. Figure 7 shows the lack of any interactive effects of the inactive noncoplanar (2,2',6,6'-TeCB) congener with an inactive coplanar (3,3',4,4'-TeCB) congener. Figure 8 . 10) . Post hoc analysis indicated that mixtures 1, 4, and 5 were significantly different from control starting at 30 pM, whereas mixtures 2 and 3 were significantly different from control starting at 50 pM (Fig. 10) . Of all the selected mixtures, mixture 3 was the most active.
To understand the interactions between PCB congeners in these mixtures, the data were fit into a previously established "logistic second-order response surface model," which is based on dose-addition assumption [for details, see Svendsgaard et al. (45] . The observed and predicted E50 values (the concentration that increases the control activity by 50%) along with their 95% confidence limits (CL) are presented in Table 2 [ (6, 7, 15, 17, (55) (56) (57) , there are no reports on the potential interactive effects of these congeners in the nervous system. Our previous structure-activity relationship studies (20, 22) (26, 37, 58) , were affected by PCB congeners that have a noncoplanar configuration (18, 19, 59 ). Higher concentrations and longer exposures to 2,2'-DCB, a noncoplanar PCB, result in cytotoxicity (18) . The present study extends our structure-activity relationship work by examining binary combinations of PCBs, a hydroxy-PCB or TCDD to determine 1) if the active congeners are "dose additive," indicating that they act through a common site, or "effect additive," indicating that, although the end point ([3H]PDBu binding) is common, the congeners act through independent sites (60) The inactivity of 2,2',6,6'-TeCB and 3,3',4,4'-TeCB could be due either to their inability to enter the active site or to inability to elicit the response after entering. When these congeners were tested in combination with active congeners, there was no significant interaction. The nonactive coplanar congener (3,3',4,4'-TeCB) also did not alter the activity of either the noncoplanar (2,2',5,5'-TeCB) or active coplanar (3,5-DCB) congeners. The inactive, noncoplanar congener 2,2',6,6'-TeCB also failed to alter the effects of an active PCB congener (2,2',4,6-TeCB). When the dose response of 3,3',4,4'-TeCB was measured with 2,2',6,6'-TeCB, no interaction was seen. The nonactive congener failed to block the effects of the active congeners, suggesting that these nonactive congeners do not bind to the response-inducing site. (45) .
Cindicates that the mixture increased 13H]phorbol ester binding significantly, but the increase was below E5m at 100 pM.
A pair of active congeners, 2,2'-DCB with 2,2',4,4'-TeCB (Fig. 5) Figure 6 . This combination resulted in a significant interaction (Fig. 6) , where the less active congener, instead of adding to the total [3H]PDBu binding, decreased this effect, indicating that the less active congener interacted at the same site but lowered the total activity, thus resulting in a less-thanadditive response. On the other hand, the response of a mixture of 3,5-DCB with and without 2,2'-DCB (which have similar activity) showed simple additive response and no interaction. A similar additive interaction was observed with the parent PCB and the hydroxy metabolite (Fig. 9) Complex mixtures were generated to more nearly mimic human exposure. These mixtures are representative of the ratios of the main constituents of the PCB load, but no attempt was made to match a total dose. Mixtures 1 and 2 were generated to represent the ratios of PCB congeners found in human milk (27, 38) and would be a measure of infant exposure. Mixture 3 represents the PCB congener ratio found in Wisconsin fish (61) , which represents adult and infant exposures. Mixture 4 is the congener's mix from human blood representing maternal exposure (6Z. Mixture 5 represents the ratio of PCB congeners detected in the brains of rats at postnatal day 21 that had been exposed to PCBs from conception to weaning via feeding dams with adulterated chow containing the commercial mixture Aroclor 1254 (55) In summary, the present data suggest that the biological effects of some PCB congeners are dose additive and that the coplanar congeners do not alter the activity of noncoplanar congeners, indicating a common mechanism for all noncoplanar congeners distinct from that of coplanar congeners. Some _,. w -~~~~4
